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Quiescent Swiss 3T3 fibroblasts s~rnu~t~ with epidermal growth factor and insulin showed large transient increases in urnye mRNA and c-m.~c 
protein accumulation which were maximal at about 2 h after addition of the co-mitogens. When the cells were loaded with 0.1 mM of guano&e 
S-O-(3-thiotriphosphate) (GTPyS) by transient permeabilisatian immediately before mitogenic stimulation, the increase in c-myc mRNA was simi- 
lar to that observed in unloaded cells but the corresponding c-myc protein peak was reduced by at least 95%. The GTPyS completeiy blocked incor- 
poration of P%]methionine into cell proteins for 34 h after addition of the mitogens, but not thereafter, and caused a delay in the subsaquent 
onset of DNA synthesis by the same period. The data show that lass than 5% of the early increase in c-myc protein normally observed after mitogenic 
stimulation is required for its obligatory role in the progression of cells to S phase implied by other evidence. 
GTPyS; c-myc Protein; DNA synthesis; 3T3 fibroblast; Transient permeabilisation 
It has recently been shown that when GTPyS (a non- 
hydrolysable analague of GTP) is loaded into Swiss 3T3 
fibroblasts by transient permeabilisation, it causes 
substantial accumulation of inositol phosphates and 
cyclic AMP [l] consistent with activation of the GTP- 
dependent proteins coupled to phosphatidylinositol 
4,5-bisphosphate hydrolysis (Gp) [2,3] and adenylate 
cyclase (G,) 14-61. These G proteins are activated by a 
variety of mitogens that stimulate quiescent fibroblasts 
to progress to DNA synthesis in S phase [7-l@] and this 
raised the question of whether GTPyS also caused 
mitogenic activation. 
A variety of studies have implied that activation of 
the c-myc proto-oncogene, one of a family of related 
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genes which encodes a nuclear DNA binding protein, is 
necessary but not sufficient for the progression of nor- 
mal cells from the quiescent GO state to S phase [ 1 l-221. 
For example, microinjection of bacterially expressed c- 
myc protein into Swiss 3T3 fibroblasts enabled the cells 
to grow in platelet-poor plasma lacking platelet-derived 
growth factor [13] and antisense c-myc oligodeoxy- 
nucleotides have been shown to cause sequence-specific 
inhibition of mitogenic stimulation of both fibroblasts 
and lymphocytes [11,123, However, the role of the c- 
myc protein in the transition to S phase is not &e&y 
resolved, Some studies have suggested that it may be 
directly or indirectly involved in DNA replication 1231 
although this was discounted by subsequent work [24J. 
Others have implied a role for c-myc protein in trans- 
activation or trans-repression of other genes [25-271 or 
in the regulation of mRNA turnover [28]. 
In examining whether GTPyS activated all of the ear- 
ly responses to normal mitogens in fibroblasts, we com- 
pared the expression of the c-myc gene in response to 
GTPyS with the response to stimulation by the co- 
mitogens epidermal growth factor (EGF) and insulin. It 
was found that GTPyS caused a complete but tem- 
porary block on protein synthesis for 3-4 h and as a 
result of this block the normal accumulation of c-myc 
protein after mitogen addition was almost abolished. 
The GTPyS delayed the subsequent entry of the ceils in- 
to S phase by the same period as the inhibition of pro- 
tein synthesis but did not inhibit the extent of DNA syn- 
thesis. The implications of these observations for the 
role of c-myc protein in the GO to S phase transition are 
discussed. 
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2. EXPERIMENTAL 
2.1. Celf culture and transient permeabilisation 
Swiss 3T3 fibroblasts were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated 
foetal calf serum (FCS) (Gibco), 44 mM NaHCOs, 25 mM glucose, 
penicillin G (35 U/ml) and streptomycin (80 mu/ml) in a humidified 
atmosphere of air/CO2 (90:10), pH 7.4, at 37°C. Cells were seeded 
onto 90 mm plastic Petrid dishes (3 x 10’ cells) and grown to con- 
fluence (5-7 days) before use. DNA synthesis was measured by the in- 
corporation of t3H]thymidine (0.5 ,uCi/ml) into acid precipitable 
material [i] in non-permeabilised cells and in transiently permeabilis- 
ed cells re-seeded to 30 mm Petri dishes which had been coated with 
freshly prepared rat tai1 collagen [29]. Transient permeabi~i~tion of
the cells was achieved by a mo~fication of the scraping procedure of 
McNeil et al. [30,31] as described previously [l]. 
2.2. c-myc m&VA and c-myc protein assays 
The quantitation of c-myc mRNA from non-permeabilised or tran- 
siently permeabilised cells was performed as described previously 
[I ,321. The amounts of c-myc protein in cell lysates prepared from 
non-permeabilised and transiently permeabilised Swiss 3T3 
fibroblasts were measured by the enzyme-linked immunosorbent 
assay described by Moore et al. [33]. To prepare the lysates, cell 
monolayers were washed twice with 5.0 ml of ice-cold phosphate buf- 
fered saline (PBS; 137 mM NaCi, 2.7 mM KCI, 8.1 mM Na2HP04, 
0.9 mM CaC12,0.5 mM M8CI2, 1.5 mM KH2P04, pH 7.2), 5.0 ml of 
ice-cold PBS was added and the cells were harvested by gentle scrap- 
ing with a rubber policeman. The cell suspension was centrifuged (120 
x g, 6 min) and the pellets resuspended in 50 ~1 of lysis buffer (1% 
sodium dodecyt sulfate (SDS), 1% aprotinin, 0.5 mM 
phenylmethylsulfonylfluoride and 50 mM dithiothreitol in PBS). 
Cellular DNA was sheared by repeated passage of the cell lysates 
through a 26gauge needle and the samples were boiled for 5 min. 
After incubation with 100 mM iodoacetamide for 30 min on ice the 
samples were again passed through 26-gauge needles, diluted IO-fold 
in PBS and stored at - 80°C before assaying. 
2.3. (35S/Methionine incorporation 
Transiently permeabilised cells were re-seeded to 30 mM Petri 
dishes coated with freshly prepared rat tail collagen and incubated in 
DMEM containing 20 mM 4-(2-hy~oxyethyl)-i-piper~neethanesul- 
phonic acid and 20 $L’ml [3sS]me~io~ne (Amersham Int.). Incuba- 
tions were terminated by washing the celts twice with ice-cold PBS 
(1 .O mi) and the cells lysed by the addition of 1% SDS (0.5 ml). The 
SDS solution was transferred to 1.5 ml of ice-cold trichloroacetic acid 
(TCA) and incubated on ice for 30 min. The samples were filtered 
under suction through Whatman GF/C filters, washed 4 X with ice- 
cold TCA, air-dried and their radioactivity determined by liquid scin- 
tillation counting. 
3. RESULTS AND DISCUSSION 
The time courses of c-pnyc mRNA and c-myc protein 
accumulation in response to EGF with insulin in Swiss 
3T3 fibroblasts are shown in Fig. la,b. Both the mRNA 
and protein showed large transient increases that were 
maximal at about 2 h after the addition of the mitogens 
with a smaller and variable maximum at about 8 h. The 
amounts of both c-myc mRNA and protein were only 
slightly increased compared with unstimulated cells 
after 12 h when the onset of DNA synthesis occurs. 
Fibroblasts can be transiently permeabilised to a wide 
range of molecules by the scrape-loading technique first 
described by McNeil and co-workers [30,31]. When 
Swiss 3T3 fibroblasts were permeabilised in the absence 
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of GTPyS, there was a substanti~ increase in c-myc 
mRNA and c-myc protein (Fig. lc,d). There were small 
additional increases in the amounts of both mRNA and 
protein in response to stimulation by EGF and insulin 
(Fig. lc,d). It was shown previously that 98% of the 
surviving cells re-seal within 2 min of permeabilisation 
as judged by the exclusion of Lucifer yellow and 
fluorescein-labelled extrans [l]. The similarity of the 
time course of the initial transient in c-myc protein in 
the re-sealed cells and those which had not been 
permeabilised implies that functional recovery to syn- 
thesise ma~romotecules in response to mitogens occurs 
without sig~ficant delay in the re-sealed cells. 
When the cells were loaded with GTPyS by transient 
permeabilisation, the large increase in the amount of c- 
myc mRNA (Fig. le) caused by permeabilisation was 
unaffected but the corresponding early burst of c-myc 
protein at 2-3 h was abolished and only a small ac- 
cumulation was observed at 8 h (cf. Fig. Id and If). 
This small and delayed increase in c-myc protein in cells 
transiently permeabilised in the presence of GTPyS was 
further reduced by the action of EGF and insulin (Fig. 
1 f) to less than 5% of the transient peak in normally 
stimulated cells (Fig. lb). 
The data for c-myc protein accumulation (Fig. If) 
strongly suggested that GTPyS might inhibit protein 
synthesis, at least for a few hours after loading the cells. 
The time course of incorporation of ]35S]methionine in- 
to cells is shown in Fig. 2. GTPyS completely inhibited 
the incorporation of [35S]methionine into cells for 3-4 h 
either with or without the addition of EGF and insulin. 
Subsequently the rates of [3SS]methionine incorpora- 
tion were similar for cells stimulated with EGF and in- 
sulin irrespective of prior loading with GTP-/S, imply- 
ing that the inhibitor effect of GTPyS on protein syn- 
thesis was fully relieved. Recovery from GTP+ inhibi- 
tion was also observed for unstim~ated cells which in- 
corporated [35S]methionine more slowly (Fig, 2). Con- 
trol experiments demonstrated that extracellular 
GTPyS did not affect [35S]methionine incorporation in 
non-permeabilised cells whereas cycloheximide (100 
PM) substantially reduced uptake in these cells and 
blocked the response to EGF and insulin throughout GI 
(not shown). The inhibitory effect of GTPyS on protein 
synthesis is consistent with previous reports demon- 
strating that non-hydrolysable analogues of GTP in- 
hibit cell-free protein bios~thesis (see, for example, 
1341). From the data here it is clear that GTPyS inhibits 
protein synthesis for 3-4 h in intact cells and that this 
accounts for the abolition of the early peak of c-myc 
protein accumulation. 
The delay in onset of protein synthesis induced by 
GTPyS implied that it might have an effect on the time 
course of DNA synthesis. This was compared for cells 
transiently permeabilised in the presence or absence of 
GTPyS and then stimulated by EGF and insulin (Fig. 
3a). There was a delay in the onset of [‘Hlthymidine in- 
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Fig. 1. Time courses of c-myc mRNA and c-myc protein accumulation in fibroblasts. Cells were either non-permeabilised (a,b) or transiently 
permeabilised in the absence (c,d) or presence (e,f) of 0.9 mM GTPrS. In each experiment cells were treated either without (0) or with (=) 10 
ng/ml EGF and 1 gg/ml insulin. Data for c-myc mRNA and c-myc protein are the means of duplicate determinations from a representative experi- 
ment of three. Errors were less than f 10% of the mean values. 
corporation of 3-4 h, similar to the delay in [35S]meth- 
ionine incorporation, but no effect on the final extent 
of [3H]thymidine incorporation. Control experiments 
showed that transiently permeabilising the cells was suf- 
ficient to stimulate a small but consistent increase 
(about 5%) in the uptake of [3H]thymidine (Fig. 3b). 
However, GTPyS alone had no additional effect on 
DNA synthesis in permeabilised cells and any effects of 
GTPyS on DNA synthesis in response to either EGF 
0 2 4 6 6 10 12 
Time (h) 
and insulin or foetal calf serum were small ( < 15%) 
(Fig. 3b). Taken together, the data demonstrate that 
Fig. 2. Time courses of [“S]methionine incorporation into fibrob- 
lasts. Cells were transiently permeabilised in the presence (0 ,m) or 
absence (A, A) of 0.9 mM GTPrS and were treated with (A, n ) or 
without (A, 0) EGF (10 ng/ml) and insulin (1 pg/ml). 
cells transiently permeabilised in the presence of 
GTPyS and stimulated with EGF and insulin show only 
a small increase in c-myc protein which is less than 5% 
of the amount accumulated in non-permeabilised cells 
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Fig. 3. DNA synthesis in fibroblasts. (a) Time courses of [‘Hlthym- 
idine incorporation into acid-precipitable material in cells transiently 
permeabilised in the presence (0, n ) or absence (A, A) of 0.9 mM 
GTPyS and treated with (A, n ) or without (A, 0) 10 ng/ml EGF and 
1 gg/ml insulin. (b) [‘H]thymidine incorporation at 30 h after stimula- 
tion. Cells received no addition (Con), 10 ng/ml EGF and 1 kg/ml in- 
sulin (E + I) or 10% FCS (FCS). 
stimulated with the mitogens, but will nevertheless pro- 
gress to DNA synthesis in S phase. 
The overall effects of GTPyS can be rationalised ac- 
cording to the scheme in Fig. 4 in which GTPyS ac- 
tivates early c-myc gene transcription via second 
messengers from G,, and/or G, but inactivates the GTP- 
dependent proteins required for subsequent translation 
(see [35]). The full relief of inhibition after 3-4 h, as 
evidenced by the subsequent rates of [35S]methionine 
incorporation, must be due to metabolic inactivation of 
GTP sx G, - CAMP GP - 
\L G protcrno 
in protcln synthesis 
Fig. 4. Early effects of GTP# on fibroblasts. 
GTPyS since the alternative possibility of over- 
production of the GTP-dependent proteins required for 
protein synthesis cannot occut in the presence of 
GTPyS. The activation of G,, and G, (and any other 
unidentified G proteins coupled to the mitogenic 
pathway) is presumably reversed when the GTPyS is in- 
activated, so that in the absence of normal mitogenic 
stimulation the cells fall back into the quiescent state. It 
is clear that the failure of GTPyS to act as a mitogen 
cannot be attributed to its inhibitory effect on early c- 
myc protein synthesis, since the amount of this protein 
at 8 h after permeabilisation in the presence of GTPyS 
was much larger than when the GTPyS-loaded cells 
were stimulated by the co-mitogens and the cells subse- 
quently progressed to S phase. At the time that the 
GTPyS-induced inhibition of protein synthesis was 
relieved after 3-4 h, substantial amounts of c-myc 
mRNA were still present in the cells. The inhibition of 
the residual c-myc protein response by the EGF and in- 
sulin was therefore unexpected but may result from ac- 
tivation of the normal mechanisms that cause the net 
amounts of c-myc protein to decline later in Gi in non- 
permeabilised cells. 
The delay in onset of DNA synthesis in cells that had 
been located with GTPrS by a period equivalent o the 
block in early protein synthesis strongly suggests that 
the early activation of protein synthesis is a critical 
determinant of the duration of Gi. Delays in entry into 
S phase can also be induced by the addition of a conven- 
tional inhibitor of protein synthesis, cycloheximide, 
with the co-mitogens, and the length of the delay is 
determined by the duration of the exposure to the in- 
hibitor (data not shown). 
Assuming, as the evidence summarised earlier very 
strongly implies, that there is an obligatory requirement 
for c-myc protein in Gi for progression to S phase, the 
amount that is required soon after mitogen addition is 
less than 5% of the maximum c-myc protein concentra- 
tion normally observed in the cells. From current 
evidence it is at least plausible that an essential role for 
c-myc protein is to regulate the expression of other 
genes required for progression through Gi, possibly 
through a nuclear post-transcriptional mechanism [28] 
and that these genes are activated by a relatively low 
concentration of c-myc protein. It is also possible that 
the much higher concentrations of c-myc protein nor- 
mally observed when the cells are stimulated by 
mitogens are involved in the regulation of genes con- 
trolling differentiated functions of the cells that are not 
directly involved in proliferation. The use of GTPyS to 
246 
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restrict c-pnyc protein accumulation without affecting 
DNA synthesis may therefore facilitate the identifica- 
tion of those genes activated via c-myc that are required 
for proliferation. 
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